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Edited by Christian GriesingerAbstract Epstein-Barr virus latency is maintained by the latent
membrane protein (LMP) 2A, which mimics the B-cell receptor
(BCR) and perturbs BCR signaling. The cytoplasmic N-terminal
domain of LMP2A is composed of 119 amino acids. The N-ter-
minal domain of LMP2A (LMP2A NTD) contains two PY
motifs (PPPPY) that interact with the WW domains of Nedd4
family ubiquitin-protein ligases. Based on our analysis of
NMR data, we found that the LMP2A NTD adopts an overall
random-coil structure in its native state. However, the region be-
tween residues 60 and 90 was relatively ordered, and seemed to
form the hydrophobic core of the LMP2A NTD. This region re-
sides between two PY motifs and is important for WW domain
binding. Mapping of the residues involved in the interaction be-
tween the LMP2A NTD and WW domains was achieved by
chemical shift perturbation, by the addition of WW2 and
WW3 peptides. Interestingly, the binding of the WW domains
mainly occurred in the hydrophobic core of the LMP2A NTD.
In addition, we detected a diﬀerence in the binding modes of
the two PY motifs against the two WW peptides. The binding
of the WW3 peptide caused the resonances of ﬁve residues
(Tyr60, Glu61, Asp62, Trp65, and Gly66) just behind the N-termi-
nal PY motif of the LMP2A NTD to disappear. A similar result
was obtained with WW2 binding. However, near the C-terminal
PY motif, the chemical shift perturbation caused by WW2 bind-
ing was diﬀerent from that due to WW3 binding, indicating that
the residues near the PY motifs are involved in selective binding
of WW domains. The present work represents the ﬁrst structural
study of the LMP2A NTD and provides fundamental structural
information about its interaction with ubiquitin-protein ligase.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In the course of infection, replication or persistence, viral
gene products frequently interact with proteins that regulate
signaling pathways in the host cell. This capacity to modify
host cell signal transduction is typiﬁed by Epstein-Barr virus
(EBV), a human herpes virus that infects lymphoid and epithe-
lial cells and causes infectious mononucleosis [1]. EBV latency
is maintained by the latent membrane protein (LMP) 2A,*Corresponding author. Fax: +82 2 872 3632.
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doi:10.1016/j.febslet.2006.11.078which mimics the B-cell receptor (BCR) and perturbs BCR sig-
naling [2–5]. This mimicking enables EBV to escape from host
immunity [6]. Normal BCR signaling is associated with the Src
family protein tyrosine kinases (PTKs) Lyn, Fyn, and Blk, fol-
lowed by Syk PTK activation [7]. These signal molecules also
interact with LMP2A [8,9].
LMP2A contains a cytoplasmic N-terminal domain com-
posed of 119 amino acids, 12 potential membrane-spanning do-
mains, and a cytoplasmic C-terminal domain comprising 27
amino acids [10]. The N-terminal domain of LMP2A (LMP2A
NTD) provides signals that are responsible for the association
with the protein tyrosine kinases Lyn and Syk, resulting in neg-
ative regulation of B-cell signaling and the EBV lytic cycle
[2,5,11]. Lyn PTK binding to phosphorylated tyrosine 112 of
the LMP2A NTD [9] is followed by the phosphorylation of
the LMP2A immunoreceptor tyrosine-based activation motif
(ITAM) at tyrosines 74 and 85. Syk PTK binds to this phos-
phorylated ITAM of LMP2A [8,9]. In addition, the other tyro-
sine residues of the LMP2ANTD seem to be components of the
binding sites for the SH2 domains of various signaling mole-
cules, such as the docking protein Shc, the 85 kDa regulatory
subunit of PI3-kinases, and Csk [2,12]. The bound Lyn PTK
is rapidly digested in LMP2A-expressing cells, which results in
modulation of B-cell signal transduction. This process occurs
by ubiquitination of the bound Lyn PTK, and the LMP2A
NTD contains two PY motifs (PPPPY) that interact with the
WWdomains ofNedd4 family ubiquitin-protein ligases [13–15].
Although the biological function of LMP2A has been inves-
tigated by several groups of investigators, more structural
information is needed to clarify the mechanism of LMP2A
function. In this study, NMR spectroscopy was used to char-
acterize the structure of the LMP2A NTD and its interaction
mode with the WW domains. Complete peak assignments were
achieved, and the peak changes in the 1N–15N HSQC spectra
of 15N-labeled LMP2A NTD by the binding of WW2 and
WW3 peptides were used to identify the interaction sites. Over-
all, the LMP2A NTD adopts an unordered structure, but the
regions between the two PY motifs are less ﬂexible than the
other regions. These regions between the two PY motifs are in-
volved in the binding of LMP2A with the WW domains of
ubiquitin-protein ligases.2. Materials and methods
2.1. Sample preparation
The N-terminal domain of LMP 2A was produced, and NMR sam-
ples were prepared as described previously [16]. The LMP2A NTD wasblished by Elsevier B.V. All rights reserved.
Fig. 1. Strip plots from the HNCA (top), HNCACB (middle), and
HN(CA)CO (bottom) spectra. Sequential Ca, Cb, and CO connectiv-
ities for residues Tyr64–Asp73 are shown with dashed lines.
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to the N-terminus of the Ssp DnaB intein. The LMP2A NTD fused
with the intein was puriﬁed from the soluble fraction using Chitin aﬃn-
ity chromatography, and was cleaved by pH and temperature changes.
The [15N]- or [15N, 13C]-labeled protein was dissolved in 90% H2O/10%
2H2O, containing 100 mM NaCl, 50 mM sodium phosphate, and
1 mM EDTA. The pH of the sample solution was adjusted to 6.0.
The chemically synthesized peptides (WW2 and WW3) were purchased
from ANYGEN (Kwang-ju, Korea; URL, http://www.anygen.com).
2.2. NMR spectroscopy
All NMR spectra were acquired at 15 C, using a Bruker DRX
600MHz spectrometer with a Cryo probe. The NMR data were pro-
cessed by NMRPipe and analyzed by NMRview. Most of the 1HN,
15N, 13Ca,
13Cb, and
13C 0 resonance assignments were obtained from
analyses of the 3D HNCA, HNCACB, CBCA(CO)NH, HN(CA)CO
and HNCO spectra. The sequential connectivity was conﬁrmed from
15N-NOESY-HSQC, 15N-TOCSY-HSQC, and HBHACONH spectra.
Side-chain 1H, and 13C assignments were obtained from analyses of
15N-TOCSY-HSQC, HBHACONH, and HCCH-TOCSY spectra.
Proton chemical shifts were referenced to DSS. The 13C and 15N chem-
ical shifts were referenced indirectly to DSS, using the absolute fre-
quency ratios. The 1H–15N heteronuclear NOE experiment was
recorded under the same conditions. The heteronuclear NOE values
were determined from spectra recorded with (NOE experiment) and
without (NONOE experiment) a proton presaturation period of three
seconds [17,18]. Saturation of the amide protons was carried out by
120 pulses prior to the experiment; the presaturation time was 3 s.
In total, 1024 data points and 256 increments were measured in the di-
rect and indirect dimensions, respectively.
2.3. Secondary structure estimation
The secondary structure was determined from the 1H and 13C chem-
ical shift values, using the CSI [19] program. A combination of four
kinds (1Ha,
13Ca,
13Cb, and
13C 0) of chemical shifts was used for CSI
prediction. The consensus mark ‘1’ represents the b-strand tendency
of the atom of the residue (upﬁeld shifts of 13Ca or
13C 0 resonances,
and downﬁeld shifts of 13Cb resonances from their reference values),
while the consensus mark ‘1’ represents the a-helical tendency. The
chemical shift within the reference value range was marked as a ‘0’,
which means random-coil tendency.
2.4. WW domain binding experiment
To analyze the binding of the WW2 and WW3 peptides to the
LMP2A NTD, 200 lM aliquots of chemically synthesized WW2 and
WW3 peptides (WW2 and WW3 domains of human Nedd4-like ubiq-
uitin-protein ligases AIP4) were each added to 100 lM of the LMP2A
NTD, and the chemical shift changes of the LMP2A NTD were
monitored in HSQC spectra (WW2:Ac-PLPPGWERRVDNMGRIY-
YVDHFTRTTTWQRPTLE-NH2 WW3:Ac-GPLPPGWEKRTDSN-
GRVYFVNHNTRITQWEDPRS-NH2).3. Results
3.1. Residue-speciﬁc and sequential assignments of the LMP2A
NTD
Sequential assignments were achieved by verifying and link-
ing the peak clusters. Since any one residue manifests the same
HN and
15N chemical shift signals in each spectrum, the related
peaks could be combined into a peak cluster. Each cluster pro-
vides information about the intra- and inter-residue chemical
shifts {15N(i), 1HN(i),
13Ca(i),
13Cb(i),
13Ca(i  1), 13Cb(i  1),
13C‚O(i  1), HN(i  1), and HN(i + 1)}. An example of the
sequential assignment for the continuous residues (from Y64
to D73) is shown in Fig. 1. The backbone amide (
15N and
1HN) resonances for 101 possible residues (122 residues minus
20 prolines and an additional N-terminal glycine residue) were
completely assigned. All of the carbon resonances (Ca, Cb, CO)
were also assigned, except for those of the eight isolated pro-lines. In total, 92% of the Ha and Hb resonances in the protein
were unambiguously assigned, and the assignments of the side-
chain C and H resonances were nearly complete. All available
15N, 13C and 1H chemical shifts of the backbone as well as the
side-chain atoms of the LMP2A NTD were deposited in the
BioMagResBank (http://www.bmrb.wisc.edu).3.2. Secondary structure of the LMP2A NTD
To determine the secondary structure of the LMP2A NTD,
the CSI method [20] was used. The CSI approach, which is
fundamentally a statistical technique, was developed to pro-
vide a NOE-independent method for structure determination.
The CSI results of the LMP2A NTD revealed a random distri-
bution of the marks 1, 0, and 1, without consensus values
(data not shown), which indicated that the residues lack a
strand or a helical tendency. Therefore, the overall conforma-
tion of the LMP2A NTD seems to be a random coil-like struc-
ture.
3.3. Backbone ﬂexibility
The heteronuclear 1H–15N NOE provides a qualitative mea-
sure of the mobility of the polypeptide backbone on a sub-
nanosecond time scale at local sites throughout the protein.
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near the two PY motifs (E49–E114) of the LMP2A NTD. As ex-
pected, many peaks in the NOE spectrum of LMP2A NTD
were negative, indicating an overall ﬂexible structure. Only
26 residues showed positive NOEs. Moreover, the residues
showing positive NOEs also lacked highly rigid characteristics,Fig. 2. 1H–15N-Heteronuclear NOE spectra and plot of the backbone ﬂexi
glycines of the LMP2A NTD are presented. Examples of residues showing pos
the positive NOE region (E49–E114). Residues that showed negative NOEs
sequence of the LMP2A NTD, divided into ten regions. The division criteribecause the values were below 0.8, and were located between
R50 and E113. The residues displaying positive NOEs were
Arg50, Glu51, Tyr60, Glu61, Asp62, Tyr64, Trp65, Gly66, Asn67,
Arg70, Ser72, Asp73, Tyr74, Gln80, Gln82, Leu84, Tyr85, Leu86,
Gly87, Leu88, His90, Asp91, Tyr101, Ser108, Tyr112, and Glu113.
For simplicity of analysis, we divided the LMP2A NTD intobility of the LMP2A NTD. NoNOE (a) and NOE (b) spectra of the
itive NOE [NoNOE (c) and NOE (d)] are also showed. (e) NOE plot of
are represented with red bars, with a value of 0.5. (f) Amino acid
on is a proline residue.
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dues (Fig. 2f). According to our criterion, the N-terminal re-
gions (regions 1–5) and the C-terminus (region 10) are very
ﬂexible, and the regions from 7 to 9 are somewhat rigid, as
compared to the other regions. Thus, these relatively rigid re-
gions seem to be a hydrophobic core of the LMP2A NTD.
3.4. Chemical shift mapping by WW domain binding
The LMP2A NTD contains multiple proline-rich regions,
which are conserved in diﬀerent EBV clinical isolates and in
the EBV-related herpesvirus papio [21,22]. There are two PY
motifs (PPPPY) that interact with the WW domains of ubiqui-Fig. 3. Eﬀects of WW peptide binding on the 1H–15N HSQC spectrum
of the LMP2A NTD. In the pairs of superimposed spectra, the
spectrum of the LMP2A NTD alone is represented in black, and that
in the presence of WW peptides is represented in red. (a) Two-
dimensional 1H–15N HSQC spectra of the LMP2A NTD-WW2
peptide complex. (b) The LMP2A NTD-WW3 peptide complex.
Mapping of the residues aﬀected by WW peptide binding is presented
below each spectrum. Upon the binding of WW peptides, the
resonances from the red colored residues completely disappeared in
the two-dimensional 1H–15N HSQC spectra of the LMP2A NTD, and
those of the blue colored residues broadened and/or shifted.tin-protein ligase, but only when the tyrosine residues are not
phosphorylated. To characterize the mode and speciﬁcity of
the LMP2A NTD interaction with the WW domains, we
mapped the interactive region of the LMP2A NTD by NMR
spectroscopy.
As shown in Fig. 3, many of the resonances in the HSQC
spectra of the LMP2A NTD were perturbed upon the addition
of WW peptides. Most of the perturbed resonances were
located near the two PY motifs, and especially between the
two motifs. In the case of the WW2 peptide, the LMP2A
NTD associates with the WW2 peptides by using the residues
between the two PY motifs of the LMP2A NTD, as revealed
by the perturbed resonances in the HSQC spectrum
(Fig. 3a). The peaks of six residues (Tyr60, Glu61, Asp62,
Trp65, Gly66, and Asn67), which follow the ﬁrst PY motif (N-
terminal PY motif: P56P57P58P59Y60), and three residues
(Asp94, Gly95, Leu96), which precede the second PY motif
(C-terminal PY motif: P97P98P99P100Y101), disappeared. In
addition, the peaks of Tyr74 in region 8, and Thr79, Leu84,
Tyr85, Leu86, Gly87, Gln89, and His90 in region 9 also disap-
peared. This result indicates that WW2 peptide binding to
the LMP2A NTD is a process related to the PY motif that in-
duces a local structural change between the PY motifs. Like
the WW2 peptide, the WW3 peptide forms a complex with
the LMP2A NTD, although the number of residues showing
chemical shift changes was relatively smaller than that of the
WW2 peptide (Fig. 3b). Only the peaks of ﬁve residues
(Tyr60, Glu61, Asp62, Trp65, and Gly66) in regions 7 and 8,
and Leu86, Gly87 and Asp94 in region 9 disappeared. Interest-
ingly, the C-terminal region 10 was more aﬀected by the WW3
peptide binding than by the WW2 peptide binding, since the
peaks of Ser108, Gln109, and His110 additionally changed, as
compared to those aﬀected by WW2 peptide binding.4. Discussion
Structural studies on LMP2A are not as numerous as one
might expect for this physiologically and medically important
protein, and an atomic-level study has not been reported thus
far. The proline-rich amino acid sequence and the absence of a
stable tertiary structure of the LMP2A NTD are the main
obstacles to structural studies. In the assignment strategy,
the proline residues are a nuisance, since they interrupt the
sequential assignment, but they are critical for the function
of the LMP2A NTD. Thus, we needed many starting points
for the assignment process of the LMP2A NTD. Moreover,
the narrow spectral width of the 1D proton slice in the spectra
of the LMP2A NTD showed why NMR studies of this protein
were so diﬃcult (data not shown). Indeed, the chemical shift
dispersion was limited to a mere 1.2 ppm, which immediately
conﬁrmed the macroscopic unfolded nature of the protein.
Fortunately, the resolution of each peak and the peak disper-
sion along the nitrogen axis (about 25 ppm) were suﬃcient to
achieve the peak assignment. As expected, the overall chemical
shifts of the LMP2A NTD are similar to those of a random-
coil structure, and the CSI results also showed that the
LMP2A NTD adopts a random-coil structure in its native
state.
WW domains are small protein modules composed of 30
amino acids that form a three-stranded antiparallel b-sheet
capable of binding proline-rich motifs, including the PY motif
Fig. 4. The disordered proﬁle plot of the LMP2A NTD. The plot
shows the position in the sequence against the probability of being
disordered. The horizontal line (broken) is the order/disorder threshold
for the default false positive rate of 5%. The ﬁlter curve (continuous)
represents the outputs from DISOPRED2, and the ‘output’ curve
(short broken) represents the outputs from a linear SVM classiﬁer
(DISOPREDsvm). The outputs from DISOPREDsvm are included to
indicate shorter, low conﬁdence predictions of disorder. The proﬁle
plot revealed that the region between residues 60 and 100 is less
disordered than the other regions.
AIP4
WW WW
62ITAM88
Syk
P97 -Y101 Lyn
P56-Y60
Ubiq.
Fig. 5. Hypothetical binding topology of the LMP2A NTD and WW
domains. The black, thick line represents the backbone of the LMP2A
NTD. The PY motifs and the immunoreceptor tyrosine-based activa-
tion motif (ITAM) are represented as rectangles. The Syk tyrosine
kinase, which interacts with the LMP2A NTD at the two tyrosines of
the ITAM, and the Src family kinase Lyn, which interacts with the
LMP2A NTD at Tyr112 of the YEEA motif, are represented as ellipses.
Two WW domains (gray circles) of AIP4 interact with the PY motifs
of LMP2A, resulting in the ubiquitination of LMP2A and LMP2A-
associated proteins.
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N-terminal C2 domain involved in membrane localization,
multiple WW domains, and a C-terminal Hect domain that
serves to transfer ubiquitin from an E2 enzyme to a target pro-
tein bound to the WW domains [26]. The interaction between
the WW domain and the PY motif has been implicated in sev-
eral human genetic disorders [27]. For example, the binding of
the Nedd4 WW domains with the PY motifs of the epithelial
sodium channel (ENaC) allows ubiquitination of the channel
by the ubiquitin ligase Hect domain, leading to channel endo-
cytosis and degradation. This process is at least partially im-
paired in Liddle syndrome, causing increased cell surface
retention of channels. The solution structure of the C-terminal
WW3 domain of rat Nedd4 (rNedd4 WW3, 33 residues), in
complex with the PY motif-containing peptide derived from
the b subunit of rat ENaC (bP2 peptide, TLPIPGTPPP-
NYDSL), was determined by NMR spectroscopy [28].
LMP2A recruits a Nedd4-like ubiquitin protein ligase to the
PY motif, which results in the ubiquitination of LMP2A and
certain LMP2A-associated proteins, their rapid degradation,
and the subsequent down-regulation of B-cell signal transduc-
tion [13]. In order to identify the WW domain-interaction sites
in the LMP2A NTD, the residues involved in the interaction
between the LMP2A NTD and WW domains must be
mapped. As shown in Fig. 3, the peaks of many residues,
mainly between the two PY motifs, disappeared or broadened
upon WW peptide binding. Upon the binding of the WW2
peptide, six residues (Tyr60, Glu61, Asp62, Trp65, Gly66, and
Asn67) just behind the N-terminal PY motif and nine residues
(Leu84, Tyr85, Leu86, Gly87, Gln89, His90, Asp94, Gly95, and
Leu96) preceding to the C-terminal PY motif of the LMP2A
NTD completely disappeared, which means that these residues
are directly involved in WW2 domain binding. Interestingly,
this region (between the two PY motifs) is less ﬂexible than
the other regions (Fig. 2e). In total, 26 residues showed posi-
tive NOEs in the heteronuclear NOE data. These residues
are mainly located between the two PY motifs and are nearly
identical to the residues aﬀected by the binding of the WW2
peptide. Thus, regions 7, 8, and 9 (Fig. 2f) seem to adopt a
more ordered conformation than the other regions, although
the conformation is not rigid. The disordered proﬁle plot, esti-
mated from the amino acid sequence of LMP2A, also showed
that the most ordered region is between residues 60 and 100
(Fig. 4) [29]. The weakly ordered conformation in this region
seems to bind with the WW2 peptide by cooperating with
the PY motifs.
The WW2 domain repeatedly can recognize both PY motifs,
and the WW3 domain binds preferentially to the N-terminal
PY motif [14]. This is consistent with our chemical shift pertur-
bation data. Upon WW3 peptide binding, the resonances of
ﬁve residues (Tyr60, Glu61, Asp62, Trp65, and Gly66) just behind
the N-terminal PY motif of the LMP2A NTD disappeared, a
similar situation as with WW2 binding. However, near the C-
terminal PY motif, the chemical shift perturbation data of
WW3 binding were diﬀerent from those of WW2 binding.
Upon WW3 peptide binding, the resonances of three residues
(Leu86, Gly87, and Asp94) in region 9 completely disappeared,
and the resonances of three residues (Ser108, Gln109, and
His110) in region 10 showed chemical shift changes. These three
residues (Ser108, Gln109, and His110) are located away from the
PY motif, which revealed that a long-range interaction is in-
volved in WW3 domain binding.A hypothetical topology of the binding aspects of the
LMP2A NTD and ubiquitin-protein ligase is presented in
Fig. 5. Assuming that the conformation of the LMP2A NTD
is linearly stretched and there is no tertiary contact between
the two PY motifs, the N-terminal PY motif, region 7, and re-
gion 8 (see Fig. 2f) of the LMP2A NTD may independently
bind to one WW domain. The C-terminal PY motif and region
9 also bind to another WW domain. Considering that the
LMP2A NTD adopts a random-coil structure, it seems that
the PY motifs do not cooperate with the more distant residues
or regions. Actually, the N-terminal PY motif does not interact
with region 9, and the C-terminal PY motif does not interact
70 M.-D. Seo et al. / FEBS Letters 581 (2007) 65–70with regions 7 and 8. This was conﬁrmed by the NOE analysis;
no NOEs were detected between them (data not shown). In
addition, no signiﬁcant NOEs were found between regions 8
and 9. Thus, the proposed model is relevant, in terms of the
independent interactions between the PY motifs and the
WW domains.
This study revealed the diﬀerent binding manners of the two
PY motifs with the two WW peptides. Although the overall
structure of LMP2A NTD is unordered, local, but speciﬁc con-
formational changes occur between the two PY motifs upon
WW domain binding. However, some questions still remain:
Among the four WW domains of AIP4, which domain is actu-
ally involved in the interaction with the LMP2A NTD in vivo?
Does this interaction occur through one or two domains?
What is the determinant for the binding preference to a PY
motif? Is there any cooperativity between the WW domains in-
volved in the interaction? A single AIP4 molecule may simul-
taneously interact with both PY motifs in a single LMP2A,
through two distinct WW domains. In addition, the remaining
WW domains may bind additional LMP2A molecules or other
ligands, potentially leading to the formation of a larger com-
plex [14]. Actually, LMP2A forms aggregates in the plasma
membrane of B lymphocytes [10]. Although more studies are
needed, the present work represents a ﬁrst step toward the elu-
cidation of the mechanism.
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